Requirement of an Adenylic Acid-Rich Segment for the Infectivity of Encephalomyocarditis Virus RNA
(Accepted I4 January I976) SUMMARY About 8o % of the RNA molecules extracted from encephalomyocarditis (EMC) virus were bound by oligo(dT)-cellulose under conditions which bind poly(A) but not poly(C) nor ribosomal RNA. This shows that most EMC virus RNA molecules contain a poly(A) tract. Both bound and unbound fractions contained RNA molecules of apparently the same size when examined by sucrose gradient sedimentation, but the bound fraction contained an adenylic acid-rich segment of about 20 nucleotides long, whereas the unbound RNA did not. The bound RNA had 20o times the specific infectivity of the unbound RNA which suggests that the poly(A) tract present in EMC virus RNA is required for infectivity.
Adenylic acid-rich [poly(A)] sequences of unknown function have been found in messenger RNA (mRNA) and in heterogeneous nuclear RNA of eukaryotic cells (Brawerman, I974) and in the genome of several single-stranded RNA viruses (Shatkin, 1974) . Many of the virion RNA molecules reported to contain poly(A) segments are infectious (Shatkin, 1974) . In an investigation of the requirement of the poly(A) segment in Sindbis virus RNA for infectivity, Eaton & Faulkner 0972) demonstrated that although RNA from this virus could be subdivided by differential phenol extraction into two fractions, reported to contain 6o to 8o and ~5o to 250 nucleotide residues in the poly(A) tract, both fractions were equally infectious. The conclusion was that the size of the poly(A) segment in the 60 to 25o nucleotide range was not a factor influencing infectivity of Sindbis virus RNA. In contrast, Spector & Baltimore (I974) showed that enzymic reduction in the length of the poly(A) segment of poliovirus caused a marked decrease in the specific infectivity of the RNA. In a subsequent study, Spector & Baltimore (1975) concluded that a poly(A) tract of minimum size 40 to 5o nucleotides long is required in picornaviruses for full infectivity of the RNA. This conclusion contradicts the reports of Miller & Plagemann 0972) of a poly(A) tract about I6 nucleotides long in Mengovirus RNA and of Porter, Carey & Fellner 0974) that extended poly(A) tracts are absent from encephalomyocarditis (EMC) virus, although the presence of short poly(A) stretches was not excluded. Both EMC and Mengoviruses contain infectious RNA and both are picornaviruses although they belong to a different subgroup from poliovirus (Study Group on Picornaviridae, I975).
In this study, we provide evidence that most EMC virus RNA molecules do contain a poly(A) segment which is sufficiently long to bind the RNA to oligo(dT)-cellulose and is essential for full infectivity of the RNA, although the segment is smaller than the 4o to 5o nucleotides required by the hypothesis of Spector & Baltimore (1975) .
A large plaque variant of the K2 strain (Hoskins & Sanders, 1957) of EMC virus which was grown in suspensions of Krebs II ascites tumour cells (Sanders, Huppert & Hoskins, 1958 ) in the presence of 5 #Ci/ml 2,8-~H-adenosine (30 Ci/mmol from New England Nuclear, Boston, Mass. ozI I8, U.S.A.) and purified as described previously (Burness, Fox & Pardoe, I974) with the additional final step of sedimentation through a IO to 30 % (w/v) sucrose gradient, containing o.I M-NaC1 in o.o2 M-sodium phosphate buffer solution, pH 8.0, in an SW 5o.I Spinco rotor at 5oooo rev]min for 9o rain at 5 °C. The virus pellet was redissolved in 2 ml o.I M-NaC1 in o.o2 M-sodium phosphate buffer solution, pH 8.o, for preliminary characterization including analysis by sedimentation on a second similar sucrose gradient, but at 5oooo rev/min for 3o min, to confirm that radioactivity was present in the virus peak only.
To isolate the RNA, the virus was diluted with 3 ml extraction buffer (0.2 ~ SDS, o.I MNaC1 and 2 mM-EDTA in 25 mM-tris-HC1, pH 7"6) and vigorously shaken at ambient temperature with 2 vol. phenol-CHC13 (~ : L [v/v] plus o'5 ~ isoamyl alcohol; Perry et al. 1972) . The phenol-CHCl~ layer was re-extracted with 5 ml extraction buffer and the aqueous layer combined with the original aqueous layer for two more phenol-CHCl3 extractions. After cooling to o °C, the aqueous layer was extracted 5 times with 5 vol. ice-cold ether before adding sodium acetate to a final concentration of 2 ~ (w/v) and precipitating the RNA with 2 vol. ethanol at -2o °C overnight. The RNA was collected by centrifugation in a Sorvall SS-34 rotor at 150oo rev/min for 3o min, dissolved in Io mM-tris-HC1, pH 7"6, containing o.I M-NaC! and I mM-EDTA and subjected to rate zonal sedimentation on a 5 to 2o ~o (w]v) sucrose gradient in the same solution in an SW 5o. I Spinco rotor at 5oooo rev/min for 9 o min at 5 °C. About 9o ~ of the radioactivity sedimented as a sharp peak with a sedimentation coefficient of about 37 S compared with Krebs cell ribosomal RNA. The fractions comprising the peak were combined, precipitated with 2 vol. ethanol in the presence of 2 ~oo sodium acetate and stored under ethanol at -2o °C until required.
The RNA was redissolved in application buffer (o'5 M-NaC1 in Io mM-tris-HC1, pH 7"6) for chromatography on oligo(dT)-cellulose (from Collaborative Research, Inc., Waltham, Ma. 02154, U.S.A.) following a similar procedure to that described by Aviv & Leder (I972) as follows. About o'5 g oligo(dT)-eellulose in a o.8 × I5 cm long glass Pharmacia column was washed with application buffer until fine particles no longer emerged through the nylon screen. RNA in o'5 to 6 ml application buffer was added at ambient temperature to the column which, after standing for I h, was washed with application buffer at I5 °C until background levels of either extinction at 26o nm or radioactivity were attained. Bound RNA was then recovered by washing the column with elution buffer (5 mM-tris-HC1, pH 7"6) at 45 °C. The flow rate for all manipulations was o'3 ml/min and 0"6 ml samples were collected for testing either directly, or after concentration by ethanol precipitation, for extinction at 260 nm, radioactivity, sedimentation analysis or infectivity, where appropriate.
Under these conditions of chromatography, about 2o ~ of the radioactivity failed to bind to oligo(dT)-eellulose in the presence of application buffer and the 8o ~ of radioactivity bound was recovered in elution buffer (Fig. 0 . When either poly(C) (from Miles Laboratories, Inc., Elkart, Indiana 46514, U.S.A.) or Krebs cell RNA was chromatographed under the same conditions, more than 90 ~ of the material failed to bind, whereas in contrast, over 9o ~ of 3H-labelled poly(A) (from Miles Laboratories) was bound but subsequently displaced by elution buffer. These observations imply that under the conditions we used, binding to oligo(dT)-cellulose was specific for molecules containing poly(A) and that most of the EMC virus RNA molecules in our preparations contained a poly(A) tract.
Re-chromatography of unbound EMC virus RNA resulted in 70 to 9o ~ of the RNA still failing to bind to oligo(dT)-cellulose, the remainder appearing in the elution buffer fraction. Re-chromatography of bound EMC virus RNA resulted in lo ~ failing to bind in application buffer, but 90 ~ was retained and displaced in elution buffer.
The infectivity of the virus RNA emerging from oligo(dT)-cellulose in application and elution buffer was measured by plaque assay using the double osmotic shock procedure with Krebs ascites tumour cells described previously (Montagnier & Sanders, I962; Sanders, I964) . In preliminary experiments, the bound RNA had about I3 times more specific infectivity (p.f.u./#g RNA) than unbound RNA. Re-chromatography of the fractions revealed that 7 ~ of the original unbound fraction became bound, raising the possibility that the infectivity in the unbound fraction resulted from contamination with bound RNA. Therefore, 3H-adenosine-labelled RNA was separated into bound and unbound fractions, and the latter was re-chromatographed on oligo(dT)-cellulose to remove contaminating bound RNA. The bound and re-chromatographed unbound fractions contained z.7x io 4 and 1.4x io2 p.f.u./#g RNA, respectively; that is, the bound RNA had about 2oo times more specific infectivity than unbound RNA.
Possible reasons for the lower specific infectivity of unbound compared with bound RNA are: (I) unbound RNA represented degraded virus RNA; or (2) a non-viral RNA contaminant is present in the unbound fraction, neither of which was retained by oligo(dT)-cellulose; or (3) that unbound RNA lacked a poly(A) tract which was responsible for retaining bound RNA on oligo(dT)-cellulose and was required for RNA infectivity.
Bound and unbound RNA were denatured and analysed by rate zonal sedimentation on sucrose gradients in the presence of formaldehyde (Fenwick, 1968) . Most of the material in both preparations sedimented as single peaks although that for unbound RNA was slightly broader (Fig. 2b) than the bound RNA peak (Fig. 2a) . However, identical samples of Fig. ~ ; (e) and (d) were duplicate samples of unfractionated RNA. Krebs cell rRNA was added as markers to all samples which were then denatured by incubation at 37 °C for I h in 6 ~ formaldehyde and run in an SW4o Spinco rotor at 32ooo rev/min and 5 °C on 5 to 25 ~ linear sucrose gradients containing 6 ~ formaldehyde, o.oI M-EDTA and o'I M-NaC1 (Fenwick, I968) . Bound and unbound RNA were run for I6 h and unfractionated RNA for I7 h. The direction of sedimentation is from right to left. •
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unfractionated RNA taken from the same tube after denaturation also showed differences in breadth of peaks on sucrose gradients (Fig. 2 c, d ), possibly due to slight variations in the gradients. In these runs, virus RNA of tool. wt. about 2. 7 x Io G (Burness, 197o ) sedimented more slowly than large rRNA as reported previously for RNA from EMC virus (Fenwick, 1968) or from other picornaviruses (Wild & Brown, 197o) . If the breadth of the unbound RNA peak arose through the presence of low tool. wt. contaminants, their quantities were insufficient to explain the differences in specific infectivities of the two RNA preparations. Therefore, these results suggest that unbound RNA represented neither degraded RNA nor a non-viral RNA contaminant unless the latter had the same sedimentation properties as virus RNA. Contamination with non-virion RNA seems unlikely since the virus purification procedure includes digestion with pancreatic RNase. Moreover, it has been demonstrated previously by means of reconstruction experiments that the purification procedure we used completely eliminated contamination with host cell nucleic acid (Burness, 1969) . To determine whether unbound RNA lacked poly(A), both bound and unbound RNA were each digested with pancreatic RNase A (EC. 2.7. 7. I6; enzyme: substrate (w/w) ratio I : 25) in IO mM-tris-HC1, pH 7"6, containing 0"3 M-NaC1 at 37 °C for 3o rain. Both digests were then subjected to oligo(dT)-cellulose chromatography. About I ~o of the radioactivity in the bound RNA was retained compared with o.I 4 ~ in the unbound RNA. From its tool. wt. (Burness & Clothier, I97O) and base composition (Burness, I97O) , EMC virus RNA is estimated to contain about 2ooo adenosine residues. Thus, the radioactivity resistant to pancreatic RNase digestion and subsequently bound to oligo(dT)-cellulose is equivalent to a tract containing on average about 2o adenosine residues in the bound RNA and less than three adenosine residues in the unbound RNA.
From these observations we conclude that, unlike unbound RNA, EMC virus RNA bound by oligo(dT)-cellulose contains a small poly(A) tract which is required for the RNA to have full infectivity. This conclusion is qualitatively similar to that of Spector & Baltimore (1975) in discussing picornaviruses in general. However, the preliminary studies on the size of the adenylic acid-rich region reported here, a more rigorous investigation of the size of EMC virus poly(A) (manuscript in preparation) and studies on EMC virus by other groups (Newman & Brown, I976; J. Huppert & J. Harel, personal communication) throw doubt on the claim of these authors that the minimum size of poly(A) in picornavirus RNA for full infectivity is 4o to 5o nucleotides long. As we have recently reported (Burness, Pardoe & Goldstein, 1975) , part of this uncertainty arises through overestimates in the size of poly(A) tracts by many investigators.
